We observe a dc voltage peak at ferromagnetic resonance (FMR) in samples consisting of a single ferromagnetic (FM) layer grown epitaxially on the n−GaAs (001) surface.
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One of the goals of spintronics research is to develop tools for manipulating electron spins in semiconductors. 1 Although many approaches are based on spin-polarized charge currents, a separate class of effects is based on the phenomenon of spin pumping, in which a nonequilibrium spin population is generated by ferromagnetic resonance (FMR).
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In the case of metals and semiconductors, a common method of detecting this effect is to measure the dc voltage generated by the pumped spin current through the inverse spin Hall effect.
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To correctly interpret these measurements, it is essential to understand all of the mechanisms by which the FMR can contribute to the generation of dc voltages. Among these are anisotropic magnetoresistance (AMR) 6 and the planar Hall effect. 7, 8 In this Letter, we report on electrically detected FMR in epitaxial ferromagnet (FM)/nGaAs (001) heterostructures. The FM/GaAs interfaces in each of these devices are Schottky tunnel barriers. We find that the dominant contribution to the electrically detected FMR signal under reverse and small forward bias current is tunneling anisotropic magnetoresistance (TAMR). The measured TAMR signal is used to predict the bias dependence of the FMR signal as well as its dependence on the magnetic field orientation. The agreement with the predictions of our model, in which spin transport in the semiconductor plays no role, is excellent.
The FM/n-GaAs heterostructures investigated in this experiment were grown by molecular beam epitaxy on GaAs (001) substrates. The growth started with a 500 nm undoped GaAs buffer layer, followed by 2500 nm of Si-doped n-GaAs (n = 3 − 5×10 ) GaAs.
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The 5 nm thick FM film is then deposited epitaxially, followed by 10 nm thick Al and Au capping layers. The FM films studied are Co 2 MnSi, Co 2 FeSi, and Fe, with deposition temperatures of 220
• C, and room temperature, respectively. The first two materials are Heusler alloys that are promising candidates for spintronics research.
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Devices fabricated from these heterostructures all show non-local spin valve and Hanle signals in traditional electrical spin injection/detection measurements at low temperatures.
9
The FMR signals discussed in this paper are not strongly temperature dependent, so only room temperature measurements will be presented. the magnetic field is applied in the (001) plane. A dc bias current is combined with the microwave excitation signal using a bias-T and coupled into the sample using a coaxial cable. Fig. 2(a) , and the out-of-plane TAMR is shown as a function of the out-of-plane field in Fig. 2(b) . A linear background due to a slight misalignment of the sample has been subtracted. The observed TAMR effect in our heterostructures is similar in magnitude to the results from other studies of FMGaAs interfaces.
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The solid line in Fig. 2(a) is fit using a sin 2 φ function, from which we obtain the magnitude ∆R i of the in-plane TAMR. Given the ordinary shape anisotropy of a thin film, the out-of-plane TAMR should depend quadratically on magnetic field below saturation. A fit is shown using the solid curve in Fig. 2 of the TAMR can be written as
where ∆R Fig. 2(c) for the in-plane case. There is a marked similarity in the bias-dependence of the magnitude of the FMR peak, which is shown in Fig. 2(d) .
We now show that the FMR signals in Fig. 1 and Fig. 2 is due to the existence of a spin accumulation, the consequences of which will be discussed in a future publication.
In a similar experiment carried out in a waveguide, in which the sample orientation can be changed with respect to the microwave field, we find that the peak shape is insensitive to the direction of the microwave electric field, in contrast to the case of rectification of ordinary AMR.
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This observation implies that the dc voltage generated by the FMR is sensitive only to the precessing magnetization and is independent of the microwave current flowing in the FM. The relevant mechanism is illustrated in Fig. 4(a) , which shows the TAMR voltage as a function of φ and θ. When the FM contact is driven on resonance, the magnetization follows an elliptical trajectory in (φ, θ) space. The resonant trajectory can be calculated from the known anisotropy surface, and the example for the case (φ = 0, θ = 0)
is shown as the solid red curve in Fig. 4(a) . On average, the TAMR voltage in the presence of a precessing magnetization increases relative to its equilibrium value at (φ = 0, θ = 0).
This effect is proportional to the local curvature of the TAMR surface and the square of the 6 angular amplitude of precession.
To explore this effect more quantitatively, we investigate the dependence of the FMR peak on the in-plane orientation of the magnetization at a fixed reverse bias. This measurement is carried out in a waveguide, and the orientation of the microwave magnetic field is the same as in Fig. 1(a) . Figure 4(b) shows the FMR peak magnitude observed from a Co 2 MnSi sample as a function of φ. The FMR peak is largest at φ = 0
• and undergoes a sign change before approaching zero as φ → 90
• .
From the above discussion, we can derive an expression for the magnitude of the FMR voltage peak as a function of the in-plane angle of the magnetization. We expand the interface voltage to second order in small deviations δφ and δθ about their equilibrium values. We retain only those terms that will not vanish after taking a time average:
(δφ cos ωt)
where I is the interface bias current, δφ and δθ are the in-plane and out-of-plane precession cone angles respectively, and ω is the resonance frequency. With the substitution of the measured R(φ, θ) from Eq. 1 into Eq. 2 and taking of the time average, we obtain:
In Eq. 3, the sum of the last two terms, which depend on the precessional cone angles, is the voltage of the FMR peak. The precessional cone angles are δφ = δφ 0 cos φ and δθ = δθ 0 cos φ, where δφ 0 and δθ 0 are the in-plane and out-of-plane angular amplitudes at φ = 0
• . The factor cos φ accounts for the change in the component of the microwave magnetic field perpendicular to the magnetization. Finally we obtain:
To calculate V F M R from Eq. 4, I∆R i and I∆R h o are obtained from the TAMR measurement. Because of the shape anisotropy of the thin film, the second term involving the out-of-plane cone angle in Eq. 4 is significantly smaller than the first term. The magnitude of the FMR peak should therefore be proportional to I∆R i , as observed in Fig. 3 . The quadratic dependence on δφ and δθ implies that the FMR peak should be symmetric, in agreement with experiment. In Fig. 4(b) the solid curve is a fit of the in-plane angle dependence of the FMR signal using Eq. 4. The angular amplitudes δφ 0 and δθ 0 are the only fitting parameters. We find δφ 0 = 8.4
• ± 0.3
• and δθ 0 = 3.7
for the in-plane and out-of-plane cone angles respectively. We calculated the dynamical susceptibility for this sample using the measured saturation magnetization and anisotropy, from which we find the ratio δφ 0 /δθ 0 ≈ 2.2, in reasonable agreement with the value of 2.3 obtained from the fit of the angle dependence data in Fig. 4 .
We emphasize that the mechanism discussed in this paper is essentially a modulation of the tunneling current due to the precession of the magnetization. This is distinct from spin pumping, in which a spin current is generated directly by the precessing magnetization.
Because of the significant Schottky tunnel barrier present in these devices, we expect spin pumping effects to be small. In fact, we have not been able to observe any inverse spin Hall effect on resonance at zero bias, in spite of the fact that devices fabricated from the same 8 heterostructures do function as non-local spin valves. On the other hand, the tunnel barrier in these samples enhances the TAMR effect. As noted above, we do observe a significant deviation of the FMR signal from the TAMR under forward bias voltages, as can be seen in Figs. 3(a) and (b) . In determining the extent to which these deviations are due to spin accumulation, a reliable means for separating the TAMR component, as described here, is essential.
In summary, we have performed electrically detected FMR experiments on epitaxial FM/n-GaAs heterostructures. We observe a strong dc voltage peak at the FM/n-GaAs interface at resonance in a variety of heterostructures with different ferromagnets. In each case, the predominant origin of the FMR peak is the tunneling anisotropic magnetoresistance.
This contribution must be considered in any measurement in which the FM/semiconductor interface is biased. 
